An enlarged interpretation of alternatives in toxicology testing includes the replacement of one animal species with another, preferably a nonmammalian species. This paper reviews the potential of invertebrates in testing environmental chemicals and provides evidence of their usefulness in alternative testing methodologies. The first part of this review addresses the use of invertebrates in laboratory toxicology testing. Problems in extrapolating results obtained in invertebrates to those obtained from vertebrates are noted, suggesting that invertebrates can essentially be used in addition to rather than as replacements for vertebrates in laboratory toxicity tests. However, evaluation of the ecologic impact of environmental chemicals must include defining end points that may frequently differ from those classically used in biomedical research. In this context, alternative approaches using invertebrates may be more pertinent. The second part of the review therefore focuses on the use of invertebrates in situ to assess the environmental impact of pollutants. Advantages of invertebrates in ecotoxicologic investigation are presented for their usefulness for seeking mechanistic links between effects occurring at the individual level and consequences for higher levels of biologic organization (e.g., population and community). In the end, it is considered that replacement of vertebrates by invertebrates in ecotoxicity testing is likely to become a reality when basic knowledge of metabolic, physiologic, and developmental patterns in the latter will be sufficient to assess the effect of a given chemical through end points that could be different between invertebrates and vertebrates. Environ
Introduction
According to the classical definition given by Russell and Burch (1) , the term alternative refers to any technique that replaces the use of animals, reduces the need for animals in a particular test, or refines an existing technique to reduce the amount of suffering endured by the animal (1) (2) (3) enlarged interpretation of alternative includes the replacement of one animal species with another, particularly if the substituting species is nonmammalian (3) (4) (5) . As such, invertebrates usually raise less societal concern than mammals, birds, or even lower vertebrates such as fish. In situations where microorganisms, cultured cells and tissues, and other in vitro methods are unsuitable replacements for animals, invertebrate species have received particular attention. The use of the horseshoe crab (Limulus polyphemus) instead of the rabbit for pyrogenicity testing constitutes perhaps the best example of such an alternative using invertebrates, as it has totally replaced the classical rabbit test. This test, based on the use of a lysate of L. polyphemus amoebocytes, is simpler, more rapid, and more sensitive than the corresponding vertebrate test (6) .
During past decades, the development of alternatives to vertebrate testing techniques has focused essentially on biomedical applications, namely toxicologic screening and drug metabolism (2, 3) . In this particular area, invertebrates have played only a minor role (7), although they can now be used to replace vertebrates in some particular testing protocols (3) . Ecologic toxicity testing must define end points that may differ from those classically used in biomedical research. In this context, alternative approaches using invertebrates may be facilitated. For the assessment of effects of environmental chemicals on animals, the greatest homology between species tends to occur at the most fundamental, suborganismal levels of organization, and less so at the level of the organism. In turn, ecologic consequences of environmental contamination are likely to be better evaluated from investigations at individual, population, and community levels. In any of those situations, invertebrates have actual or potential uses. In particular, invertebrate species seem to be useful animal models to link, in a mechanistic way, suborganismal effects of environmental chemicals to changes at population and community levels.
This paper reviews advantages and disadvantages for the use of invertebrates in testing environmental chemicals. The first part of this review addresses the use of invertebrates in laboratory toxicology testing. Problems in extrapolating results obtained in invertebrates to those obtained from vertebrates are noted, especially regarding effects on basic physiologic and biologic processes. The second part focuses on the use of invertebrates in situ to assess the environmental impact of pollutants. Advantages of invertebrates in ecotoxicologic investigation are presented for their usefulness for seeking mechanistic links between effects occurring at the individual level and consequences for higher levels of biological organization (e.g., population and community). In laboratory tests or field studies, the actual or potential value of invertebrates as alternatives is evaluated from their ability to replace, complete, or prevent the use of vertebrates.
Invertebrates in Laboratory Toxicology Testing
Invertebrates are being used extensively in laboratory tests for evaluating the toxicity of chemicals. The development of bioassays using invertebrates has been stimulated by both The short life span of numerous invertebrate species provides an opportunity to save time and money. Indeed, a short time in invertebrates refers to a few days (from 2 to 4 days), whereas short-term tests in rodents require 7 to 14 days to be completed. The amount of time that laboratory personnel spend observing animals and recording observations is therefore reduced. These factors, and the lower cost of buying and/or breeding invertebrates, yield significant reduction in the overall cost of toxicity testing.
Since the beginning of the 1980s, four tests using individual specimens obtained from cryptobiotic or dormant eggs (cysts) have been proposed-two on marine (10, 11) and two on freshwater (12, 13) invertebrates. Of primary interest with these cyst-based toxicity tests is that they eliminate the need for stock culturing of test species. Animals can be hatched synchronously; the young individuals originate from genetically defined stocks and are in the same physiologic condition. Therefore, uncertainty about test animal availability is eliminated, the costs of testing are greatly lowered, and the potential for standardization and precision is significantly enhanced (14) .
Geneties. Some (354) . (68) . The polytene chromosomes of some insect species (chironomids, Drosophila) appear to be promising tools to assess the genotoxic effects of environmental contaminants (79) (80) (81) (82) .
Recently, the micronucleus test has been performed on marine mollusks to evaluate genotoxic effects of pollutants released in the marine environment (83) . According to Burgeot et al. (83) , the absence of precise criteria for micronuclei identification in mollusks and possible artifacts due to viral infection are handicaps for application of the micronuclei assay in the marine environment. Another limitation of this assay is the requirement of expensive equipment for observation.
Mussels and earthworms have recently been used to detect DNA single-strand breaks caused by contaminants of marine water and soil, respectively. For this purpose, the comet assay (84) has been adapted to isolated cells; coelomyocytes in earthworms (85) , and digestive gland cells in mussels (86) .
Pharmacologic Models. Selected organs, tissues, or cells of some invertebrates are being used extensively to elucidate mechanisms involved in drug and environmental chemical toxicity. Among these, nervous structures are frequently used to investigate the effects of neuroactive substances such as insecticides. For example, the study of pyrethroid mode of action was performed using various experimental models including squid giant axon (87) (88) (89) (90) (91) (92) , crayfish giant axon and stretch receptor organ (93-98), snail neurones (99, 100) , cockroach nerve cord and giant axon (88, (101) (102) (103) (104) (105) (106) (107) , and isolated insect neurons (108) (109) (110) (111) (112) (113) (114) (115) (116) . However, most developmental toxicants seem to act at the level of cytoplasmic processes that appear to be as variable between species as the genetic sequences are conserved (117) . To consider that the development of embryos of all vertebrates and most invertebrates follows the same program of blastula formation and development of ecto-, meso-, and endoderm may thus appear to be an oversimplified view of the apparent unity among animals (4) . So (120) because of the considerable molecular and cellular similarities in carcinogenic processes among mammals, including rodents and humans (121) (122) (123) , even if some unexplained differences remain (124) . Furthermore, no invertebrate alternative can be proposed to detect carcinogens that are not mutagens (nongenotoxic carcinogens) (125 (126) (127) (128) (129) (130) . Between-species differences in response to exposure may clearly result from changes in one or more of these phenomena. The concentration of biologically active compounds at sites of action may vary between species and between clones or strains within the same species. These variations may result from qualitative and quantitative differences in penetration, distribution, and metabolism of the toxicant (131) (132) (133) (134) (135) (136) .
Some routes of entry are typical of vertebrates (e.g., lung and skin) and their importance in the penetration of chemicals cannot be assessed using invertebrates. For example, the cutide of arthropods and the skin of vertebrates are very different in structure and relative permeability to toxicants. Lung, cardiovascular, and kidney lesions cannot be identified in invertebrates that do not have such organ structures. Liver and gallbladder are also specific structures of vertebrates, even if functionally analogous organs may be found in some invertebrates (e.g., digestive gland in mollusks, hepatopancreas in crustaceans, etc.).
Interaction of a particular compound with putative sites of action may be radically different from one species to another because of interspecies variability in site sensitivity and distribution; specific cellular or molecular targets can be less abundant or even absent in some animal models. Moreover, responses resulting from interactions between toxicants and sites of action may vary according to molecular structures and/or metabolic pathways specific to different biologic models. For example, pyrethroid pesticides are much more toxic for arthropods than for mammals because of enhanced metabolism in the latter and differences in target structure and conformation (137) (138) (139) (140) (151, 152, 154, 156, 159, (162) (163) (164) (165) .
Significant variability in elimination pathways of chemicals also exists. For example, arthropods may eliminate externally adsorbed toxic compounds such as heavy metals through molting. The anatomy and morphology of internal organs may also significantly affect the distribution and fate of chemicals, e.g., the invertebrate circulatory system is frequently an open system, whereas that of vertebrates is always dosed. Urinary and biliary excretion of xenobiotics certainly plays a more significant role in the clearance of toxicants in vertebrates than in invertebrates.
The efficiency of recovery and of homeostatic mechanisms are of particular interest when extrapolating between animal species (166, 167) . Invertebrates are generally more tolerant than vertebrates (especially homeotherm vertebrates) because of lower energy requirements. Sometimes they can also react to exposure through passive protection mechanisms such as quiescence and dormancy. They can also deeply modify their metabolic pathways (shifting to anaerobic metabolism, for example) in response to stress. On the other hand, basal metabolism of vertebrates (especially mammals) is often much more elevated than those of invertebrates, thus enhancing the rapid distribution of toxicants within their body. (184, 185) . In water or soil and sediments, invertebrates cannot escape exposure to accidental discharges of pollutants as vertebrates can. Sedentary behavior should probably be considered in a more restricted sense for invertebrates. Fixed, sessile, aquatic organisms indeed reflect an extreme form of sedentary behavior that represents a unique feature of some invertebrates such as cnidaria, barnacles, or certain bivalve mollusks. Programs of in situ monitoring of coastal waters have appropriately been based on this specific characteristic. For example, the Mussel Watch is using the common mussel Mytilus edulis as a sentinel species (186) (187) (188) (189) (190) (191) (192) . Prosobranch gastropods such as Nucella lapillus or Littorina littorea, which are merely sedentary animals, are sensitive to tributyltin (TBT) that induces imposex (i.e., the development of male characteristics in female snails), and have been used as bioindicators to investigate the environmental impact ofTBT (193) (194) (195) (196) (197) (198) (199) (200) (201) .
Mode ofResource Exploitation. By their modes of feeding, invertebrates can be contaminated by specific routes that do not exist for vertebrates. For example, assessment of the hazard of sediment-or soilbound molecules can be performed using filter-feeding, deposit-feeding, or soildwelling invertebrates. Filter feeding is one of the main reasons for the use of marine and freshwater mussels for biomonitoring waterborne pollutants (171, (188) (189) (190) . Among other uses, the mussel Mytilus galloprovincialis has proved useful in genotoxic risk assessment surveys in the marine environment (202) . The mode of contamination of earthworms has raised the idea that coelomyocytes may be a suitable cell model to assess the genotoxic potential of soil chemicals using the comet assay (85 (204, 205) . These invertebrates can be used to integrate the effects of environmental chemicals on the entire biocenosis, playing the same role as vertebrates in other ecosystems (206) .
Invertebrates represent an important and sometimes unique food source for many vertebrates. They play an important role in the contamination of predatory vertebrates through biomagnification processes (30,183).
Life History. Life stage differences in sensitivity to pollutants indicate that a thorough knowledge of the life history of a species is necessary for a reliable assessment of effects at both individual and population levels (207 (255, 256) . Change in (parent comound gene frequency is a common mechanism of resistance in aphids (257) (258) (259) (272) , and the molecular mechanisms by which steroids act to regulate genes appear to be conserved (273) . So Advantages ofInvertebrates for the Assessment of Impact at Population and/or Community Levels. Biochemical measurements are useful in monitoring for effects before they reach population or community levels (291, 292) . However, predicting population or community effects from individual responses to pollutant exposure is difficult to achieve in the natural environment. The complexity of ecosystems requires identification of key species that play critical roles in various communities, the keystone species concept (293) , and assessment of their responses to the main pollutant classes (207) . As mentioned above, invertebrate species play key roles in a variety of ecosystems. In a number of situations they even assume ecologic functions that cannot be fulfilled by vertebrates. Invertebrate species have therefore received particular attention in attempts to correlate biochemical responses of individual invertebrates with changes at population and community levels.
Population end points usually have less diagnostic value for particular chemicals than organism-level end points, but they support more accurate predictive assessment of field changes and hence have better ecosystem-level significance (294) (295) (296) (297) .
Generic population end points are listed below [Suter and Donker (295) and Suter (296) such as waterfleas, which are able to produce a new generation every 2 or 3 weeks.
To link, in a mechanistic way, individual responses assessed through biomarker measurements to changes at population and community levels is probably one of the most important initial steps for the definition of early-warning indicators of the environmental impact of chemicals (300, 301) . Invertebrate species are particularly suitable for such investigations, as organismal changes can rapidly affect the population (302) (303) (304) . This is not the case for fish or mammal species traditionally used in biomonitoring programs. Recent studies on aquatic invertebrates have provided evidence to support the existence of causal links between organismal responses and changes at population or community levels.
An increasing number of environmental chemicals affect endocrine control of reproduction in animals. First recognized during the 40-year-long investigation of reproductive failure in birds exposed to chlorinated pesticides (276) , effects on sexual differentiation and reproduction have now been identified in several species of fish, amphibians, reptiles, and rodents (305-310) for many different chemicals (pesticides, industrial effluents, and wastes) that also may threaten human health (311, 312) . These endocrine-disrupting chemicals may often affect individual reproductive capacity without affecting survival and growth, as measured from subchronic testing (313) . In addition, they may elicit effects on the developing embryos that are not manifested until the mature organism enters its reproductive stage (313) . Animal species with short life cycles may prove to be useful models to provide a more holistic hazard assessment for endocrine-disruptor chemicals (312) . Some species of aquatic invertebrates have been identified as target animals for endocrine-disrupting pollutants. Com- parative studies on the effects of chemicals on reproductive capacity and steroid metabolism in D. magna have shown that shortterm exposure to toxicants that impair reproduction also affects steroid metabolism (313) (314) (315) . Changes in steroid metabolism, which may result from dysfunction of biotransformation enzymes, can therefore be considered an early-warning indicator of reproductive toxicity. This is further supported by extensive investigations of the effects of TBT on the reproductive system and some other metabolic processes of many marine mollusk species (316, 317) . TBT, an organotin compound used for its antifouling properties in paints on boats, induces the development of male sexual characteristics in female mollusks. This phenomenon, known as imposex, was first identified in Nassarius obsoletus (318) and has been reported in many other marine organisms with TBT exposure (193) (194) (195) (196) (197) (198) (199) (200) (201) 316, 317, 319, 320) . The dogwhelk N. lapillus is highly susceptible to TBT and is widely used for investigating its effects at subcellular, individual, and population levels (197) . Imposex in female dogwhelks may result from accumulation of testosterone as a consequence of the inhibition of CYP-dependent aromatase, which converts testosterone to 17p-estradiol (197, (321) (322) (323) . Because the use of TBT in antifouling paints has been restricted since 1982 in France and since 1987 throughout Europe, North America, Australia, and Japan (316, 317) , the degree of imposex in some dogwhelk populations has decreased (324) , but the process of recovery of all affected populations and communities is likely to be slow (197, 316, 317) . This case study demonstrates that reproductive toxicity can conceivably be predicted from measurements of suborganismal or individual parameters that are potent early warning indicators of pollution by endocrine-disrupting chemicals. The opportunity to detect effects relevant to endocrine disruption from acute and chronic reproduction tests in aquatic and terrestrial invertebrates has recently been considered in ecologic test guidelines for industrial chemicals and pesticides (312) .
Mechanistic linkage between effects at different levels of biologic organization has also been achieved using the freshwater amphipod Gammarus pulex (325) . Physiologic energetics assessed through energy allocation to growth and reproduction have been used successfully to predict the concentrations of pollutants that impair growth and reproduction as well as the magnitude of the impairment. Reduced scope for growth correlates with decreased reproductive patterns through reduced offspring size and brood viability (326, 327) . Energy reallocation between maintenance, growth, and reproduction has also been reported for Asellus aquaticus (328) and Cambarus robustus (329) exposed to acid effluents containing heavy metals. Changes in physiologic energetics linked to community function for G. pulex may be indicative of changes in community structure (325) . Stress-induced reductions in G.
pulex feeding rate correlate with reductions in the rate of incorporation of leaf organic material into freshwater food webs (327).
Field trials further indicated that betweensite differences in G. pulex feeding rate correlate with differences in community structure, but this correlation did not result from causal relationships between G. pulex energetics and community structure (325) .
For many invertebrate species, correlations have been established between changes at different levels of biologic organization, increasingly supporting their usefulness as early warning indicators of chemicalinduced stress in ecosystems.
Conclusion
The interest in alternatives in toxicology has arisen in part because of a concern for animal welfare. In this context, the use of invertebrates raises considerably less societal concern than the use of vertebrates. This is confirmed in legislation, as invertebrates are rarely included in animal welfare improvement laws (bees and ladybugs are only exceptions). Therefore, invertebrates can be used extensively in laboratory testing without any heavy legislative pressure and with only minor emotional consequences (if any) in the public. However, this lack of concern for most invertebrate species results in decreased awareness of effects of chemicals on them. Thus, if evidence shows contamination of an ecosystem, efficient decisions will be made much more rapidly if higher vertebrates (marine mammals, birds, etc.) are threatened, rather than lower vertebrates or invertebrates. Indeed, the vision of one suffering dolphin or rabbit yields much more conscious awareness in the public than thousands of dead insects or crustaceans (except for edible and commercial species). For responses observed at various levels of biologic organizations (248, (330) (331) (332) . Using such systems, the effects of chemicals on individuals, population dynamics, and community structure can easily be followed simultaneously in invertebrates sampled in specific habitats. For such purposes, many calibrated individuals of selected invertebrate species, subspecies, or strains must be maintained under conditions that would be stressful for most vertebrates. In mesocosms or field-scale testing, macroinvertebrates have been widely used for experimental assessment of both risk and impact of chemicals (249, 250, (333) (334) (335) (336) (337) (338) (339) (340) (341) (342) (343) (344) (345) (346) (347) (348) (349) (350) (351) .
In spite of a global agreement on the usefulness of the integration of laboratory bioassays, ecosystem-level testing, and field investigations (31, 206, 331, 352, 353) 
